Abstract. A practical review of the use of laser ablation lor the deposition of thin films of oxide superconductors and metals is presented. Details of the design and operation of a laser ablation deposition system are discussed, together with the influence of operating parameters such as laser wavelength and power density on the film growth, with the a:m of assisting the researcher oeginning to use andlor study laser ablation deposition.
Introduction

Thin films of a wide variety of materials may be prepared by the technique of laser ablation deposition (LAD).
Material is removed from the surface of a target by irradiation with a high power (lo6-10' W) laser beam and collected on a suitably positioned substrate. Interest in the technique escalated when it was found to be very well suited to the preparation of high critical temperature (high-T,) oxide superconductors, but more widespread applications are emerging such as the deposition of permanent magnets, magneto-optic and piezoelectric materials. A full survey of materials prepared by LAD before the surge of interest in the technique driven by high-Tc superconductor research bas been given elsewhere [I] .
There now exists a considerable amount of literature describing ablation processes and the parameters governing the deposition. This review is designed with two main aims: to assist researchers who are new to tbe technique in practical aspects such as the design and optimization of a laser ablation system and secondly, to provide a gateway to the literature on the use, study and applications of LAD. Successful film deposition requires an understanding of the effects of growth parameters such as the laser pulse energy, lens-target distance and target-substrate distance. In addition there are ways of minimizing potential problems such as the splashing of droplets of molten material from the target onto the growing film. In the main we shall illustrate the points raised in this article by referring to the preparation of films of the oxide superconductor yttrium barium copper oxide (YBCO) and permanent magnetic materials. However, we also consider several other materials 00~-3727/94/081581+14$19.50 @ 1994 IOP Publishing Ltd as a means of demonstrating cases in which LAD may be better suited than other preparation techniques. Advantages of LAD over other preparation methods, including congruent deposition, ease of operation and low source material consumption, are often cited but even a brief comparison of techniques is rarely presented.
Therefore we have included a review of the similarities and differences between vacuum evaporation, sputtering and LAD. Figure 1 is a schematic diagram of a basic laser ablation system. A pulsed laser beam (typically 30 ns pulses with energy in the range 0.01-0.1 J and at a repetition frequency of 10 Hz) is focused by a lens external to the vacuum chamber onto the target. Lasers commonly used are listed in table 1. Above a threshold laser fluence (the Buence is the laser pulse energy per unit area at the target), a luminous plume of material is ejected normal to the target surface and is collected on a suitably positioned and heated substrate. Provision is made for rotating the target, varying the targetsubstrate distance and varying the lens-target distance. The chamber is normally capable of being evacuated to the high-vacuum region to mbar) with a turbopump being popular since it avoids hydrocarbon contamination in the chamber and allows a rapid turn around time. A second pumping port allows a rotary pump to be used to pump a deposition gas through the chamber at a pressure controlled by a needle valve, if desired. When such an atmosphere is present in a vacuum evaporation or sputtering system the process is sputtering'; we therefore use the phrase 'reactive laser ablation' in this context. It is common to pump to base pressure first to clean the chamber and to heat the substrate at base pressure to allow outgassing to occur. The removable shutter is positioned across the substrate prior to deposition to allow the target to be cleaned by ablating the surface with the laser beam without contamination of the substrate. Other features often found in film deposition systems include in situ diagnostics such as reflection high-energy electron diffraction (RHEED) and Auger spectroscopy. A lining for the chamber walls to prevent the accumulation of ablated material on them is also an advantage. Thin film and vacuum methodology have been reviewed elsewhere [2, 3] .
Experimental arrangement
The plume of ablated material is highly forward directed.
This makes thickness monitoring by conventional quartz crystal monitors difficult in many laser ablation systems since the crystal holder may be much wider than the plume and larger than the substrate holder. Thus, ex situ thickness measurement is often relied upon but a fibre optic thickness monitor for films less than 50 nm thick has been described [4].
Optimizing the growth process requires an understanding of the various stages of the deposition and so we now examine the laser-target interaction and the plume in more detail. We then draw these studies together into practical guidelines for depositing high-quality films. Dabby and Paek [9] ). These works were based on microsecond pulses with energies in the range 10-10' J and powers of the order of lo6 to lo8 W (pulse durations of the order of microseconds). Since most laser ablation deposition utilizes pulses of, for example, 30 ns duration and energies in the 10-102 ml range there is still a need for modelling the laser-target interaction. Initial steps such as choosing the appropriate laser wavelength to use for ablation also require an understanding of the laser-target interaction.
The laser-target interaction
The rapid ablation rate, stochiometric transfer and forward directed plume may be explained by models in which subsurface heating of the target occurs, either by the laser beam itself [9, 10] or due to the recoil pressure of the material evaporated in the initial part of the laser pulse [5, 11] .
In the subsurface heating model the laser is considered as a heat source on the target surface and the one dimensional heat flow equation is solved In equation (1) c, K and p are the heat capacity, thermal conductivity and density of the target respectively. (Y is the absorption coefficient for the laser light intensity I ( z , t ) which produces a temperature profile T ( z , t ) inside the target. The power density on the surface is 10(l -R ) where R is the reflectivity and 10 is the incident power density. The reflectivity acts as a loss mechanism, reducing the efficiency with which energy is coupled into the target. This loss mechanism is wavelength dependent; for YBCO the reflectivity is almost a factor of three higher at 10.6 p m than at 193 nm. The calculated temperature distribution inside an YBCO target irradiated with a laser pulse of duration 12 ns and fluence at the target of 0.4 J cm-* is shown in figure 2 . The temperature throughout the target increases due to the absorbtion of the laser light. Almost immediately the front surface of the target begins to evaporate, the heat of vaporization required being supplied from a layer immediately below the front surface. Thus, surface evaporation provides a cooling mechanism which can lead to the temperature below the surface of the target being higher than the temperature of the evaporating surface.
The evaporation occumng at the surface extracts heat from a depth equal to the thermal diffusion length L = ( 2 0~) "~ where D is the thermal diffusivity and r the pulse length. If we take D = 2 x cm2 s-* then L is of the order of 10 nm [ I l l . Comparing L with the optical penetration depth which is approximately Figure 2 . Calculated time-dependent temperature distribution inside an YBCO target irradiated by an excimer laser with a fluence of 0.4 J cm-2. Optical absorption coefficient 2 x io5 cm-' (after [IO] ).
50 nm for 193 nm radiation, it is clear that a region below the surface continues to he heated by the laser pulse. If the temperature achieved in this subsurface layer is high enough to result in vaporization, then the underlying material will explode out from the target, taking the surface layers with it and forming a highly directed plume of ablated material above the target. The rapid speed of material removal explains the congruent nature of the ablation process for there is no time for segregation of the component atoms to occur. In addition the occurrence of droplets of previously molten material on the surface of the film [I21 is explained. We will retum to this subject later.
This model is supported by several experimental observations. Firstly it is predicted that the surface temperature of the target should reach the melting point when the laser fluence is of order 0.1 J cm-' which is in agreement with the onset of vaporization observed experimentally [lo]. Secondly the onset of ablation, defined by the appearance of the forward directed plume above the surface of the target, was predicted to occur at a fluence of 0.4 J cm-' when the subsurface temperature reached the boiling point. This is consistent with reported ablation thresholds [ 13, 141.
The UV laser induces some surface melting and this is also clear from experiment. Figure 3(a) is a photograph of the surface of a cobalt target after irradiation with 20000 pulses of laser radiation of wavelength 308 nm and beam energy 100 mJ focused to a spot of area 0.02 cmz at the target, producing a Ruence of 5 J cm-2. The target was polished before ablation and rotated at 0.2 Hz during the ablation. The cone structure shown in figure 3(b) is typical of the surface damage caused by ablation and is commonly reported.
The wavelength dependence of the laser-target interaction is illustrated by the model; figure 4 shows the calculated temperature distribution within an YBCO target irradiated with 10 J cm-2 pulses from a CO2 laser. The subsurface temperature profiles show no peaks because the longer optical penetration depth (5 Wm at 10.6 mm as compared with 50 nm for 193 nm laser radiation) leads to more uniform heating within the target. The surface of a target after ablation with a COz laser shows evidence of more extensive surface melting than the surface of a target which has been exposed to UV radiation, demonstrating that deeper penetration has occurred [13]. The depth to which material is ablated by lasers operating at different wavelengths has been measured [I51 and the results are shown in figure 5 . The depth increases with laser wavelength as expected. The laser fluence needed for deposition of YBCO to occur has been reported to he lower at longer wavelengths [I31 and the deposition rate to he higher [16], which agrees with the laser radiation being absorbed as heat deeper into the target. However this does not necessarily mean that longer wavelength lasers are the most suitable for depositing this material. For example, material removal may he expected to he much more of a thermal evaporation process when a COz laser is used, possibly leading to non-congruent deposition [lo] unless high fluences are used. However stochiometric deposition of YBCO using COz lasers has been reported [13].
The heating of a laser irradiated metal surface also depends upon the emissivity E which is determined by the real and complex parts of the refractive index n and k:
The emissivity decreases at shorter wavelengths as shown in table 2 for iron, nickel and tungsten. In It is generally accepted that a well oxygenated YBCO 6lm shows a normal state resistivity which decreases linearly with decreasing temperature, as in figure 6 [le]. The sharpness of the transition to the superconducting state suggests that all three films are close to stochiometric YBa2Cu9O7. The most significant effect of the longer laser wavelength is the increase in the normal state resistivity and the higher residual resistivity (the normal state resistivity extrapolated to 0 K) for the films grown at 532 nm and more particularly 1064 nm. A high intercept is taken to indicate poor intergranular connections and thus more deviations from perfect crystallinity. However it is also true that the thicker a film is the more likely it is that epitaxy with the substrate will be lost and that crystallographic defects will appear. It would therefore be useful to cany out these experiments using films of the same thickness and also to compare the x-ray diffraction pattems. Perhaps a first step towards a real understanding of wavelength effects would be to study the properties of single element films deposited at different wavelengths. A magnetic material such as iron, cobalt or nickel would seem ideal for this since the magnetic as well as the structural and electrical properties could be investigated. Wavelength effects in the plume may also be significant and are discussed later.
Photoacoustic measurements of the pressure exerted on an YBCO target during the ablation process [ l l ] suggested a model in which the plume formed above the target exerts a recoil pressure on the molten surface, causing superheating. Since the tensile strength of a superheated liquid falls as the temperature rises there will come a point at which the liquid is unable to sustain vapour bubbles [I91 and then any density fluctuations result in explosive boiling. This model may be reconciled with the subsurface beating model by considering the subsurface layers to be the superheated liquid
Both of the models outlined here show that when weak pulses are used the periods of thermal evaporation which occur at the start and end of the laser pulse will be more significant and may lead to non-congruent deposition.
The plume of ablated material
Studies of the plume have included spectroscopic, photographic and theoretical analyses. The plume has two notable features.
(1) It is directed perpendicular to the target surface.
(2) It is brightly coloured. For example, green for the ablation of copper, silvery blue for iron rich compounds, and blue with red outer edges for the ablation of YBCO in oxygen. By analogy with the well known flame tests it may be assumed that the colours arise from the electronic excitation of different spectroscopic species within the plume.
Pressure gradients within the plume are greatest normal to the surface of the target and so the constituents of the plume have the greatest velocities in this direction. Time of flight studies of the plume just above the ablation threshold have recorded ionic velocities of order to4 m s-', corresponding to energies in the 25-50 eV range [ZO] . This leads to the forward directional characteristic of the ablation process. Theoretical analysis [21] predicts that the velocities of species within the plume should display a mass dependence weaker than the thermal dependence (where velocity is inversely proportional to the square root of the mass) due to collisions witbin the plume. When the electron density in the plasma is less than a critical density given by n, = 4nZ.50m/(he)*, where h is the laser wavelength, the plasma absorbs some of the incoming laser radiation. The absorption coefficient is given by [24]
It can be seen that the critical density is higher the shorter the wavelength. Above the critical density there is strong reflection of the incoming radiation. For long laser pulses a periodic process may occur in which the laser produces a plasma which grows denser and hotter as the pulse continues, eventually shielding the target and thus suppressing plasma production; the density and temperature of the plasma just above the target decreases due to expansion and then the ablation continues. It has been suggested that absorption of the laser beam at the front of the plume may shield the target and the rear of the plume allowing larger particles such as clusters to be stabilized [I 1,151. As the laser wavelength is increased at constant pulse energy the fraction of slower moving, non-radiative fragments in the plume is increased [15]. Making these clusters radiative by excitation with a second laser has been found to enhance the transition temperature of the deposited films. Indeed it is found that the presence of high-energy ions and excited species benefit film growth, enhancing inital nucleation on the surface of the substrate and allowing epitaxial growth to be achieved at lower substrate temperatures [I] .
YBCO films are grown reactively in oxygen with a pressure of 0.3 mbar being typical. Collisions with the oxygen slow the ablation products causing a shortening and rounding of the plume which is significant above IO-' mbar [W] . At the collison interface between the plume and the ambient oxygen, oxide formation occurs and in particular yttrium oxide and barium oxide are produced [26]. These oxides appear to lead to a distinct reddening of the edges of the plume. The ionic content of the plume is decreased in the oxygen environment [U]. Clearly the chemistry of the plume and the mixing with the ambient oxygen are important areas for study.
It is known 1261 that placing the substrate in the plume produces films with rougher surfaces (roughness on the scale of 0.5 pm) than does placing the substrate at the edge of the plume (roughness on the scale of ZOO nm) or beyond the plume (roughness on the scale of 100 nm). However the best electrical transport properties are produced with the substrate at the plume edge; growth within or beyond the plume both result in poorer transport properties. There is therefore a compromise to be made between transport properties and surface smoothness and the compromise chosen will depend on the eventual applications of the films being grown. For example, for the production of multilayer devices such as SQUIDS, high-quality surfaces are more critical than obtaining the sharpest transistion possible between the superconducting and normal states.
Most workers follow similar operating procedures to produce for example YBCO films. A 'standard recipe' may be found in table 3. The factors affecting the choice of the operating parameters are discussed in section 4.
Controlling film growth
Choice of background pressure
While not critical for the deposition of oxide superconductors which are grown in oxygen, the background pressure for in vacuo deposition influences the impurity concentration in the films. For example oxygen contamination has been observed to decrease the saturation moment of nickel films evaporated at where T is the temperature of the gas, m is the mass of a gas molecule and n is the gas density n = P/kBT. In a background pressure of P = mbar the flux may be calculated to be of order Z = 3 x lo8 m-2 s-'.
Since laser ablation allows high growth rates to be achieved the impurity concentration can be reduced without improving the vacuum by increasing the deposition rate. However this may not be practical where smooth film surfaces or epitaxial growth are required as we will see later.
Substrate temperature
The substrate temperature is an important parameter for optimizing the film growth, influencing nucleation processes and the mobility of the deposit across the substrate. For example to produce YBCO films on (100) MgO with the YBCO c axis orientated perpendicular to the plane of the film, a substrate temperature of at least 700°C is required. At lower temperatures the c axis is found to form within the plane of the film.
A second example of the importance of the substrate temperature is provided by the growth of cobalt films on (100) MgO substrates. Films grown on substrates at Figure 9 . Substrate heater block with cartridge heaters. heated to, for example, 500°C with a one hour postgrowth anneal also at 500°C. Figure 8 shows the x-ray diffraction pattern from such a film. The parameters used in the growth of these two films, identical apart from the substrate temperature, are given in table 4.
The desired area of the deposit influences the heater design since the temperature must be uniform across the substrate. Most films for research purposes have an area which is of the order of 1 cm2. Heating may be achieved by radiation using electric lamps inside the vacuum chamber or by conduction. Conduction heating by, for example, heating a backplate on which the substrate is clamped relies on very good thermal contact between the substrate and the plate. Otherwise at a plate temperature of 700 "C the substrate may be as much as 200 "C cooler. The thermal contact can be improved and the lag reduced by cementing the substrate down with for example a silver dag or by compressing a thin sheet of gold foil undemeath the substrate. Radiative heating is less popular since the lamps required are often bulky and tend to have a short life but is necessary should the substrate need to be rotated if, for example, uniform coverage over a large area is required. Figure 9 shows a heater system employed for superconductor and permanent magnet film deposition used at Warwick. Two 7.40 V, 50 W cartridge heaters (Watlow Ltd, Nottingham, UK) are connected in parallel and mounted in close fitting holes in a highly polished metal block of approximately 2 x 5 x 1 cm3. The block is made of stainless steel for superconductor deposition since this is a reactive process occurring in an oxygen atmosphere and is made of copper for the metal film deposition which is performed under high vacuum. The substrate is clamped to the block under a stainless steel sheet which also acts as a mask, producing well defined edges on the film which facilitate thickness measurements by, for example, surface profiling instruments. Thermocouples are positioned under short screws into the block. With suitable radiation shielding temperatures up to 750°C may be reached routinely with the substrate surface temperature (measured by bonding a thermocouple to the surface with silver dag) just 5°C lower.
An altemahve heater for oxide superconductor deposition is shown in figure 10 . Here a flat coil of oxygen by applying 350 W heater power. Typically the substrate temperature was 40°C lower than the plate temperature at high temperatures. Lower powers were needed at lower oxygen pressures suggesting that the presence of an ablation atmosphere leads to increased heat losses from conduction. By using a back plate of area 20 cm2 the temperature variation across substrates with an area of 1 cmz at useful working temperatures could be kept to within 5°C.
Laser power density effects
The laser power density is controlled by variation of the pulse energy and by the size of the laser spot on the target, which is determined by the lens to target distance. While an ideal laser has a 'top hat' beam profile many users employ an aperture to shield the outer edges and then adjust the lens so as to produce an image of the aperture at the target. This produces a well defined spot with a uniform fluence. One way to investigate the laser power density effects is to hold the laser power constant and to vary the spot size. Figure 11 shows the dependence of the deposition rate on the spot size for cobalt in high vacuum at four different laser powers [29] . The quantity represents the distance between the waist of the lens and the target; d,,,-t = 0 corresponds to the lens-target The laser used was a N~Y A G (wavelength 532 nm) with a pulse length of 9 ns. +, P = 2.0 W; x, P = 1.4 W; 0, distance being equal to the focal length of the lens. The reduction of the deposition rate at d,-# = 0 (tight focusing, high fluence) may be attributed to shielding of the target surface by the dense plasma produced above the target. When the laser beam is focused within the plume then dW-{ is positive and the laser beam is diverging at the target surface. When d, . , -, is negative the beam is focused behind the surface of the target. There is a small asymmetry between the deposition rate in the two situations with focusing the beam inside the target leading to a higher rate but it is not clear whether the cause of this difference lies in the laser-target or in the laser-plasma interactions. Whether there is any difference in the physical properties of films produced in the two situations also appears to be unhown at present.
The ablation rate as a function of fluence may be deduced from figure 11 and is presented in figure 12 . The presence of a threshold fluence below which ablation is negligible and above which the ablation rate rises rapidly is typical of all target materials. Some thermal evaporation occurs below the ablation threshold. The origin of the saturation in the deposition rate at high fluences is the same as for the reduction in the rate at tight focusing. It occurs when the density of the plasma produced above the target is high enough to shield the target from the beam. Similar results are obtained by variation of the laser power with fixed geometrical conditions.
If the spot size is varied while the fluence is kept constant, it is found that small spot sizes lead to lower deposition rates because the angular distribution of the ejected material is broader. with a pulse length of 9 ns. +, P = 2.0 W; x; P = 1.4 W; 0, P = 1.04 W; M, P = 0.71 W.
If the beam is tightly focused and not moved over the target surface then the target becomes cratered and uneven which leads to three difficulties in controlling the ablation. First the plume narrows as the hole produced by the laser deepens which affects the thickness uniformity of the deposited film. Secondly a laser beam impinging on a rough surface is distributed over a larger area than that on a smooth surface, resulting in a loss of control over the fluence and ablation rate as the ablation proceeds. Finally, the plume, which is always normal to the surface of the target, swings towards the laser beam as the beam cuts an angled pit into the target.
These problems may be avoided by rastering the beam across the target andor rotating the target so long as the rastering rate is not resonant with the laser pulse repetition rate.
Film uniformity
Decreasing the spot size at constant fluence produces a more spherical plume which leads to a more even distribution of material across the target at the possible expense of a reduction in the deposition rate as indicated above. Since the velocity of species within the plasma is weakly dependent on both the mass of the species and the plasma temperature [21], compositional variations across the substrate may occur especially at low laser fluences with light elements being emitted more directionally than heavier elements. Reports of this are rare, however, with homogeneity to within the resolution of electron microscope x-ray analysis (a few per cent) being reported by most workers. For example, it was found [29] that when ablating a target of YCos (a permanent magnet material) stochiometric deposition was achieved if the target-substrate distance was 3 cm, hut at 7 cm a mixture of YCOS and YzCo,, was obtained in the film. A higher fraction of yttrium atoms than cobalt appeared to he missing the substrate due to more diverging trajectories, producing an yttrium defficiency in the film. Increasing the target-substrate distance also decreases the deposition rate since the ablated material is diverging hut this can he used to advantage as it may lead to a more uniform thickness of material across the substrate [21]. The density of the deposited film may he low at very large distances [14].
Uniform coverage of large area substrates (up to 5 cm in diameter) may he achieved by mounting the substrate off axis from the target and then rotating the substrate between laser pulses [30]. A modification of this approach, in which a circular laser beam is passed through the centre of an array of rotating substrates positioned in front of the target holder would allow uniform deposition on several substrates simultaneously. Such a system would allow large numbers of films to he produced reproducibly, a factor vital to any industrial applications.
Films grown for research purposes typically are grown on substrates of area 1 cm2. YBCO films with a thickness uniformity within 20% over such an area have heen reported [I41 without any special precautions such as rotating the substrate or rastering the laser beam over the target surface and thus moving the position of the centre of the plume with respect to the substrate. However, thickness variations of up to 80% Over substrates 40x40 "* were found, emphasizing the need for such precautions should large films he needed.
An excimer laser produces a beam that has a rectangular profile and therefore produces a rectangular spot on the surface of the target, ~~f i~i~~ the long axis of the spot as the X axis and the shoa a~s as the y axis it is clear that the pressure gradients in the plume will he higher in the y direction than in the x direction, There will he a broader spread of material in the y direction producing a thickness profile on the suhstrate rotated by 90" when compared with the laser spot at the target, If the beam is focused tightly so that the n an,j y dimensions are similar, then a mOre spherical plume will result, leading to a film with circular symmetry.
Droplets on the film surface
The analysis of the laser-target interaction presented previously suggests that droplet production is almost inevitable in fully developed ablation since melting of the target surface always occurs. Droplet diameters range from a few hundred nanometers to several tens of micrometres. A photograph of the surface of a cobalt film grown with an excimer laser operating at 308 nm is shown in figure 13 , together with a more detailed view of one droplet. The appearance of the droplet suggests that it does indeed come from molten material and is not merely a particulate dislodged from the target.
The velocity distribution of the droplets does not show any marked dependence on laser wavelength hut the maximum of the distribution is shifted towards higher velocities if the laser fluence is increased.
There appears to he no simple correlation between the droplet density and the thermal properties of the target material alone though it is generally accepted that in the ahlation of ceramic superconductors high density targets give the fewest droplets. In studies of the deposition of metal films [31] it has been found that iron, Copper and gold yield much lower droplet densities than aluminium and yttrium and that in the former materials the size distribution is narrower with fewer very large droplets.
Various schemes for reducing the droplet density, such as rotating the target, rastering the heam across the target using optical scanners or motor driven mirrors and operation just above the ablation threshold, are commonly employed. If the target is in the form of a long cylinder then the laser beam may he focused onto the side of the cylinder which may then he rotated as shown in figure 14. Such am orientation has the advantage of spreading out the plume of ablated material, thus aiding film uniformity. In addition to rotating the target the laser heam may also he scanned along the length of the target.
An alternative solution to the droplet problem is to accept the production of droplets as being unavoidable and to devise a system in which coverage on the film is minimized. Two such schemes are the use of a velocity selector [29] and of an edgeways mounted substrate [32] .
The velocity selector works because the droplets have velocities typically two orders of magnitude below those of the atomic and ionic species [31] . This allows a rotating vane to be used as a filter, as shown in figure 15 . The vane is mounted between the target and substrak and needs to be rotated at around 500 Hz as well as synchronized with the laser pulse. The vane may be driven by the turbo pump or through a magnetically coupled rotary feedthrough in the chamber wall. Such a system would place a vane several centimetres long between the target and substrate which might need to be as far as 10 cm apart.
It is possible to arrange for the droplets to miss the substrate altogether by mounting the substrate edgeways onto the plume [32] . Such a system dictates the design of the ablation chamber. For example, the substrate needs to be rotated within the plume to ensure that the surface is covered uniformly. This requires radiative heating of the substrate. The ablation must be carried out in an atmosphere to provide Brownian-like collisions which facilitate the deposition of material onto the substrate. The heavy droplets are unaffected by such collisions and sail past the substrate. Growing YBCO in 0.4 mbar of oxygen with this geometry results in a film with a sufficiently low density of droplets to permit device fabrication with only a factor of three reduction in deposition rate which may be compensated for by increasing the laser power density incident on the target. This method has the additional advantage of allowing both sides of the substrate to be covered simultaneously.
The droplet density on YBCO films has been shown to be wavelength dependent with longer wavelengths, such as CO2 lasers at 10.6 p m giving a higher coverage and larger droplets than ultraviolet excimer wavelengths [12, 131. This may be understood by considering the thermal diffusion length L and the optical penetration depth at the two wavelengths. For YBCO the thermal diffusion length L = (2Dt)'lz is of the order of 7 nm for 12 ns pulses while the optical penetration depth is 50 nm and 5 p m for 193 nm (ArF laser) and 10.6 pm (COz) wavelengths respectively [lo] . At first sight it may appear that the longer wavelength should give fewer droplets since the heat is more uniformly distributed within the target but the crucial factor is the rate at which heat is absorbed by the target. If heat is absorbed faster than the time needed to evaporate a depth equivalent to half the diffusion length then the production of molten material is enhanced and more droplets are 'splashed' onto the surface of the film [13] . When shorter wavelengths are used a thinner layer is being brought up to the ablation threshold and so the heated volume is removed more rapidly.
An alternative view of the wavelength dependence is that photodecomposition processes in addition to thermal processes are more likely for a target irradiated by a uv laser than an IR laser.
Anisimov et af [7] examined the laser drilling of metals by a tightly focused laser beam of microsecond pulses giving incident power densities in the range IO5-lo9 W cm-'. Molten material at the bottom of the hole was flushed out of the hole when the pressure exerted on the liquid by the vapour plume was sufficient to overcome the surface tension of the liquid. In addition the walls of the hole were melted and enlarged. The drilling velocity was greatest when the lens was focused to a point inside the target. Von Allmen [6] and Batanov and Fedorov [SI noted that if such a beam were defocused then the vapour flushed from the bottom of the lower aspect ratio holes would have a large radial velocity component which would result in a ring of droplets around the centre of the deposited film [6]. This is not borne out in the laser ablation literature where, if there is any variation in the droplet density across the film then it is found to be greatest at the film centre 1311.
The droplet density on excimer ablation deposited YBCO films has been observed to depend on the targetsubstrate distance, with distances of 2 and 4 cm resulting in fewer droplets per unit f i l m thickness than 3 cm [ 121. In these studies 3 cm corresponded to the plume edge. It is common practice to regrind or repolish target surfaces between ablations as this has been found to reduce both the droplet density and also the occurrence of irregular shaped particulates on the film's surface. Some workers place a water cooled shield above the target; a hole in the shield allows the laser beam and plume to pass through unaffected. The purpose of the shield is to prevent recondensation of ablated material onto the surface of the target. Such material might affect the stochiometry of the deposited film.
Pulse repetition rate
In situ RHEED has been used to study the formation of crystallized material during the growth of an YBCO film
[33]. Crystallization from the arriving vapour is aided if the time between laser pulses is equal to or greater than the time required for crystallization to occur. These studies of YBCO grown on a strontium titanate substrate held at 720°C suggested a maximum repetion rate of less than 5 Hz.
So far we have only considered pulsed lasers with no mention of cw lasers. Materials including metal fluorides have been evaporated successfully using CW lasers, however, for other multicomponent materials, the deposition was found to he non-congruent [ 11, hence the popularity of the pulsed laser.
Rate control
Control over the deposition rate is important if films are to be grown reproducibly and particularly if multilayer structures are required. It can be seen from figures 11 and 12 that the laser fluence per pulse provides the best control over the ablation rate. The fluence may be determined by measuring the laser pulse energy on a suitable energy meter and by measuring the spot size at the position of the target with a sheet of thermally sensitive paper, e.g. facsimile paper, prior to evacuating the vacuum system. The laser needs to be operated in a constant energy mode for this form of rate control to be effective.
The deposition rate may be measured either in situ with, for example, a quartz crystal oscillator system or ex situ by thickness measurements after a known number of laser pulses have been used in the ablation.
In situ measurements are difficult from a practical point of view because the plume is so narrow. The problem is exacerbated when depositing in a background pressure of, for example, oxygen because the background gas pressure affects the shape and size of the plume. It is necessary to use ex situ thickness measurements to determine a calibration factor between the thickness deposited on the monitor and the thickness deposited on the substrate. An alternative is to replace the substrate with the monitor for a series of calibration depositions. Evidence that the ablation process itself is reproducible in terms of ablation rates is provided by figure 16 , where the thickness of cobalt films deposited in different runs on silicon substrates is shown to be directly proportional to the number of pulses used with all other parameters maintained constant. The cobalt target was polished before each deposition and rotated at 0.2 Hz during the ablation. Clearly, if the rate as determined by the laser fluence could not be controlled precisely then the linear relationship between the thickness and the number of laser pulses would not hold.
Coarser control of the deposition rate may be achieved by variation of the separation of the target and the substrate and by adjustment of the laser pulse repetition rate. The shape of the plasma above the target will also affect the deposition rate. For example, we have seen that if the laser beam is focused into a small spot in which the x and y dimensions as defined in section 4.4 are equal, then the plasma produced is spherically shaped, leading to a broad ejection of material and a low deposition rate. Figure 11 showed that the high plasma densities produced by tight focusing can lead to a shielding of the target from the laser irradiation. This decreases the rate at which material is ablated from the target. There is currently intense interest in magnetic thin films in which the magnetic easy axis is oriented perpendicular to the film plane, requiring films to be grown with a high degree of orientation. Of particular interest are magneto-optic materials such as barium ferrite where the perpendicular anisotropy would allow a high density of information to be stored.
Laser ablation deposition in 0.1 mbar of oxygen has been used to prepare films of BaFeL2OI9 on sapphire substrates [34]. It was found that to produce films oriented with the c axis normal to the plane of the film and thus with perpendicular anisotropy the substrate had to he heated to at least 840°C; at lower temperatures the orientation as measured by x-ray diffraction was incomplete. The films exhibited magnetic properties similar to those of the bulk material, providing further demonstration that the correct stochiometry had been achieved and showing that such films have a sufficiently high coercivity to he useful for information storage. Equally importantly, the films were found to be free of droplet contamination and in addition, the films showed a higher degree of orientation than sputtered films, probably due to the higher proportion of ions in the ejected material in LAD than in sputtering.
Piezoelectric ceramics
Films of Pb(ZQ.5ZTiO.48)O3, a piezoelectric ceramic known as ET, have been deposited on sapphire substrates in 0.3 mbar of oxygen with a post-growth anneal in oxygen at 13 mbar while cooling at a rate of 100°C per hour [35]. At laser power densities below 3 J cm-' thermal evaporation processes dominated leading to films deficient in lead. ablation occurred providing stochiometric deposition. The desired perovskite structure was obtained if the sapphire substrate was maintained at a temperature above 750 "C; hctween 750" and 700 "C a mixture of perovskite and other phases existed and below 700°C the fraction of material in the perovskite phase was greatly reduced.
Above 3 J
Titanium nitride
Titanium nitride films are useful in forming barrier layers between metals and silicon in very large scale integration electronic components. Other methods of producing titanium nitride films, such as bombarding a film of titanium on silicon with 40 keV nitrogen ions, had been found to be unsatisfactory since the ions could not penetrate depths of more than 80 nm of titanium. A high-temperature anneal was therefore required which facilitated the formation of a titanium silicide interfacial layer. An alternative approach was to laser ablate pure titanium onto silicon substrates at room temperature in a nitrogen atmosphere [36] . In this way pure FCC TIN was grown with a target-substrate distance of 1 cm and in a nitrogen pressure of 10-30 mbar. Two observations suggested that nitridation was occurring at the surface of the target-the fact that the droplets on the surface of the film were also stochiometric TiN and that the irradiated region of the target remained molten for longer than it was being ablated.
A numerical calculation of the temperature of the target during the ablation predicted that the average temperature of the target (size 10 x 10 x 3 mm3) rose to a saturation value of 600 K after 2500 pulses. Films with thicknessess between 100 and 500 nm required between 10 and 50 x lo3 pulses. Using the average target temperature as a starting point, the following analysis of the nitridation process was made. Although the pulse length was 20 ns the region illuminated by the laser remained molten for more than 100 ns (the 1592 laser repetition rate was 1 0 HZ and the target was rotated at 3 Hz). The ratio of the molten depth to the ablated depth was estimated to be two, suggesting that the ablated material had twice been in the molten state before being ablated. The nitridation was therefore probably occurring during the time %,hen the material was molten, before ablation, since nitridation of titanium occurs more readily in the liquid than in the solid state. After the ablation was completed the target surface had the distinctive yellow colouration of the TiN phase.
At nitrogen pressures of order 1 mbar the plume was hemispherical with a diameter comparable to the targetsubstrate distance and non stochiometric deposition occurred, possibly due to plasma cleaning of the substrate. At pressures of order 10-30 mbar, at which the best films were made, the plume was only a few mm long. Finally at nitrogen pressures above 100 mbar no deposition occurred.
Iron
Iron films have been grown epitaxially at room temperature at a rate of 0.05 nm min-' onto a tungsten buffer layer grown at 500°C on sapphire [29] . The epitaxial relationships were Fe( 1 lO)/W( 110)/A1203(2209). Highvacuum conditions (5 x mbar) were required. Measurements carried out in a SQUID magnetometer at sample temperatures between 4.2 K and room temperature showed that changes in the interfacial strain due in part to the different thermal expansion characteristics of the iron and tungsten make an important contribution to the magnetic anisotropy and thus the permanent magnet properties of the film. Vacuum evaporation is the oldest of the methods used for preparing metals in thin film form. Essentially a solid or liquid target is heated to a temperature at which the material vaporizes; the vapour is then condensed onto a suitably positioned substrate. The rate of evaporation is proportional to the difference between the equilibrium vapour pressure of the metal at the surface temperature of the target and the hydrostatic pressure on the target's surface. For example, the sublimation of iodine arises from the high vapour pressure of that element at room temperature but for most metals the equilibrium vapour pressure is much lower, reaching 0.01 mbar at temperatures between 1000 and 2000°C.
Useful deposition rates may be achieved at ambient pressures of order mbar although in molecular beam epitaxy (MBE) systems pressures as low as lo-'' mbar are used.
The speeds of atoms in the vapour conform with a Maxwell-Boltzmann distribution and a mean speed of order lo5 cm s-' is typical. The speed of atoms with different atomic masses varies as in-'''. The fraction of ions within the vapour is of order 0.1%.
Conventionally the source material for the evaporation of metals is in the form of foil or wire which is heated by passing a large current through a coil or foil boat made from tantalum, molyhedenum or tungstenthese metals having particularly low vapour pressures. However, electron gun sources are now also used with one gun providing the source of each element in multicomponent depositions 1371.
There are two common problems with vacuum evaporation. The first is the spitting of material from the source onto the substrate, and the second is that because the evaporation is an atomistic process different atoms in, for example, an alloy source leave the source at different rates. Furthermore the pressure of an element over an ideal solution is reduced in proportion to its mole fraction in the solutiofi (Raoult's law). It can therefore be difficult to achieve stochiometric deposition. Solutions to the problem include flash evaporation, using two sources, reactive evaporation and tuning the stochiometry of the target.
Sputtering
In sputtering the target is sited above the cathode of a cathodeanode system in a high-vacuum chamber. Irradiation of the cathode by, for example, Uv light stimulates the emission of electrons which are accelerated towards the anode. On their way towards the anode the electrons collide with and ionize ambient gas atoms which are accelerated towards the cathode. Providing that the ions have energies above a threshold value, determined by the binding energy for the target material, the collisions they undergo with atoms in the target cause ejection (sputtering) of these atoms.
The sputtered material contains around 1% ions and the atomic energies are generally higher than in vacuum evaporation. This results in lower substrate temperatures for epitaxy at low ambient pressures (less than mbar) and better adhesion of the film onto the substrate since the arriving atoms may penetrate the first one or two atomic layers of the substrate. For polycrystalline targets the angular distribution of sputtered material is cosinusoidal to the target normal as in evaporation, but preferential ejection directions occur in some single crystal targets, for example along the (1 10) direction for FCC metals and along the (1 11) direction for BCC metals.
Sputtered films are generally free from surface contamination with particulates or droplets.
Sputtering from multicomponent targets generally leads to congruent deposition since the sputtering rate is similar for most elements. The sputtering rate is inversely proportional to the heat of sublimation of the target. Just above the sputtering threshold the sputtering rate is also proportional to the energy of the incident ion, while at higher ion energies the sputtering rate is also proportional to the nuclear cross section of the ion. 
Laser ablation deposition
Comparing LAD with vacuum evaporation and sputtering we find several key points.
(1) Maximum deposition rates are much higher in laser ablation although, in order to produce high-quality films, the deposition rate often needs to be decreased from maximum. For example, to produce YBCO films by laser ablation and sputtering with comparable transport properties [38] the deposition rate for both methods was of the order of 0.1 nm s-'. Evaporated films are produced at a similar rate [37] . A high deposition rate minimizes the impurity concentration in the film, as discussed in section 4.1.
( 2 ) The higher ionic content in laser ablation plumes (typically of order 10% and rising with increasing incident laser power density) and higher particle velocities (of order lo6 cm s-') appear to aid crystal growth and to lower the substrate temperatures required for epitaxy. Germanium films may be grown epitaxially on silicon by LAD at a substrate temperature of 300°C at which temperature vacuum evaporated films are polycrystalline. The role of high-energy ions in enhancing crystal nucleation sites on the silicon substrate was demonstrated by the observation of better epitaxy in films comprising 90 nm of vacuum evaporated germanium on 10 nm of freshly LAD deposited germanium than in films in which the processing was reversed [l] .
(3) LAD is more flexible, in terms of depositing a wide range of materials, than evaporation using electron gun sources since in these systems a different gun is required for each element of each compound to be grown. Since power is efficiently coupled into the target and the heating is localized, sources of heat within the vacuum system are minimized. This allows outgassing to be minimized and so decreases the load on the vacuum pump. The source material consumption is also low which means that targets less than 1 cm3 in volume may be used which can be particularly useful when trying to grow films of new compounds.
(4) LAD is less demanding in vacuum technology than MBE since pressures of lo-' mhar have been found to be suitable for the growth of epitaxial bilayers of magnetic films for investigations of exchange coupling effects [29] . Unlike either evaporation or sputtering which are atomistic processes, a wide variety of species may he ejected from the target in LAD; for example, atoms, ions and diatomic species are found in YBCO plumes. The presence of the diatomic species may facilitate the achievement of stochiometric deposition.
( 5 ) The major disadvantage of the ablation process is that for most materials droplet production appears to be almost inevitable and so very careful control of the growth or a means of avoiding collection of the droplets is often needed to produce films with high quality surfaces.
(6) In LAD, material is removed with a cosR6' distribution where 6' is the angle to the target normal and n is a power higher than one. This is in contrast to n being of the order of unity for vacuum evaporation and sputtering from polycrystalline targets. Hence laser ablation is a more directional process.
Conclusion
While it is clearly easy to deposit relatively thick films of almost any target material in a short time by laser ablation deposition, fine tuning is needed to produce films with the desired surface or electrical transport properties. In general a slowing down of the growth rate is required. Although the broad features of the ablation process are the same for many target materials the precise physical processes occumng in the ablation vary from material to material and need to be investigated accordingly. This in itself is not a disadvantage of the method since the production of epitaxial films by other means, such as sputtering, molecular beam epitaxy and evaporation, also requires considerable care. Indeed laser ablation offers several advantages of which overall simplicity and ease of achieving congruent deposition from multicomponent source materials are perhaps the most important.
It appears that short wavelength (w) lasers are becoming accepted as producing the best high-T, superconductor films in terms of electrical transport properties and surface smoothness. Wavelength effects in the ablation of metals have been less widely reported.
The droplet problem may be tackled by a variety of approaches including working with W lasers operating just above the ablation threshold, rastering the laser beam across the target and mounting the substrate edge-on to the plume. The growth of multilayer structures for fundamental studies of interlayer interactions and for device production is now possible.
